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The reaction e e —e*e nn’7® has been observed with the Crystal Ball detector at the
DORIS II storage ring at DESY. The n7°7® mass spectrum is dominated by the 7’, and the two-
photon width T',_.,, is determined to be 4.6+0.4+0.6 keV. Limits on I'y_.,, X Bx .y, are given

for other possible states.

I. INTRODUCTION

The partial widths of mesons to two photons give in-
formation on their quark content. The degree of mixing
between SU(3) octet and singlet of the ground-state pseu-
doscalar nonet affects the relative two-photon widths of
the 7°, 7, and 7’ mesons, as would possible mixing with
a glueball. Radially excited pseudoscalar mesons could
participate in the mixing, and might also be seen directly
in two-photon collisions. The yy —n77°® reaction is
well suited to searching for new I =0 pseudoscalars
since '7777'011'0 is limited to I=0 or 2, and JX=0" is
achieved without any orbital angular momentum.

In this paper we present an analysis of the reaction
ete”—ete 7% with n—yy. The outgoing e+
and e ~ scatter at very small angles and are not observed
(no tag); thus the observed final state consists of six pho-
tons. The %7°r° mass spectrum is dominated by the 7',
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and is used to extract its two-photon width I',._,,,.
Since the 1 and 7° are narrow spinless particles, the
complications inherent in measuring the 7’ via its yp de-
cay are avoided. Upper limits are set on heavier mesons
decaying to nm°x7°.

The data were taken using the Crystal Ball detector at
the DORIS II e "e ~ storage at DESY and represent an
accumulated luminosity of 131 pb~!. Most of the run-
ning was on the various resonances of the Y system with
an average center-of-mass energy of 10 GeV.

II. DETECTOR AND TRIGGER

The Crystal Ball detector,! shown in Fig. 1, is a non-
magnetic calorimeter designed to measure the energies
and directions of electromagnetically interacting parti-
cles. The main detector is a highly segmented spherical
shell of NaI(Tl) which covers 93% of the total solid an-
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FIG. 1. The Crystal Ball detector.

gle. It contains 672 optically isolated crystals, each
viewed by a phototube. Each crystal is a truncated tri-
angular pyramid 16 radiation lengths deep pointing to-
wards the interaction point. The segmentation of the
spherical shell is based on an icosahedron, as shown in
Fig. 2. Each of the 20 triangular faces, referred to as
“major triangles,” is subdivided into four “minor trian-
gles” each consisting of nine individual crystals. A com-
plete 47 ball would contain 720 crystals; to allow entry
and exit of the beams, 24 crystals from each of two di-
ametrically opposed regions are omitted. The 30 crys-
tals immediately surrounding each beam hole are called
the “tunnel crystals.” The remaining crystals, covering
85% of 47, make up the “main ball.” Nal(T1) end caps
cover an additional 5% of 44, but are not used in the
analysis presented here.

The measured energy resolution for electromagnetical-
ly showering particles is oy /E =(2.7+0.2)% /*VE (E
in GeV), with the energy shared among a symmetric
cluster of 13 neighboring crystals. A photon deposits on
average 70% of its energy in the central crystal, and
about 2% is outside the cluster of 13. This pattern of la-
teral energy deposition is useful in identifying elec-
tromagnetically showering particles. Using the distribu-
tion of energy within the cluster, we determine the direc-
tions of showering particles to an accuracy ranging from
about 3° for the polar angle of a 70-MeV photon to
about 2° at 500 MeV. The Nal(T]) energy scale is set for
each ~3 pb~! of accumulated data using large-angle
Bhabha-scattering events. We use our studies of the
Y(2S)—7°7°Y(1S) channel to correct our calibration at
lower energies by a one-parameter nonlinear expression,’
which gives a correction of +5% at 100 MeV.

Charged particles are detected in a set of cylindrical
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FIG. 2. The organization of the individual crystals into ma-
jor and minor triangles, and into top and bottom hemispheres.
The shaded area is the layer of ‘““tunnel crystals” next to the
beam.

proportional tube chambers which surround the beam
pipe. There were originally three double-layered
chambers filled with “magic gas.” They have been re-
placed in stages by a set of four double layers filled with
a (79-20-1)% Ar-CO;-methane mixture. The beam pipe
has a thickness corresponding to 0.017 radiation lengths
(r.l.). Each double-layer chamber adds 0.010 r.l. in the
old and 0.017 r.. in the new configuration. In the
analysis presented here, we are interested in all-neutral
final states, and use the chamber information to reject
events with charged tracks. Although the chambers can
be used for tracking, we find it sufficient here to simply
count chamber ‘hits” with pulse-height discriminators
which are also used in the trigger. We use the hits in
the third chamber, which is at a radius of 14.5 cm (11
cm) and covers 78% (87%) of 4w in the old (new)
configuration.

The triggers are based on fast analog sums of the ener-
gy deposited in the main ball, its top and bottom hemi-
spheres, and each of its major triangles. These are sub-
jected to various discriminator thresholds. The tunnel
crystals are excluded from these sums, giving an effective
trigger solid angle of 85% of 47. For use in vetoing
beam gas and other events originating far from the in-

TABLE 1. Triggers.

Min. E in Max. E in

main ball tunnels Chamber
Trigger name (MeV) (MeV) veto? Additional requirements
2 hemisphere 800 30 No > 180 MeV in top, bottom
6 hemisphere 860 No limit Yes > 1 major with > 150 MeV

in each of 6 hemispheres

Multiplicity 450 30 Yes >3 majors with > 110 MeV
Combination 800 65 No >1 major with > 60 meV

in each of 6 hemispheres and
>3 majors with > 110 MeV
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TABLE II. List of run periods with luminosity, triggers, efficiencies, fitted number of observed 7’s, and resulting product of 1’
two-photon width and decay branching ratio. The errors quoted are statistical only.

Run period 1 2 3 4 5 6
Luminosity (pb~") 32.2 322 20.0 13.5 19.0 14.2
(Ecm.) (GeV) 10.02 10.02 9.46 10.6 10.6 10.6
&, (nb) 0.164 0.164 0.156 0.172 0.172 0.172
Triggers
2 hemisphere X X x x X X
6 hemisphere X X x
Multiplicity X
Combined X X
€urig 0.69 0.86 0.84 0.84 0.91 0.94
€neut 0.77+0.02 0.77£0.02 0.74+0.03 0.78+0.03 0.824+0.09 0.79+0.03
Total efficiency € 0.0180 0.0222 0.0207 0.0218 0.0248 0.0247
N, 37.5+6.3 49.1+7.4 24.3+5.0 16.5t4.1 34.7+5.9 24.8+5.1
By ey XTy_yy (keV) 0.39+0.07 0.42+0.07 0.38+0.08 0.33+0.08 0.43+0.09 0.41+0.09
teraction point, the energies in the tunnel crystals are the main ball. The p, balance requirement is

summed and discriminated separately, as are the pulse
heights in the chambers. The final trigger decisions are
based on various logical combinations of the discrimina-
tor outputs, all of which are recorded on tape for each
triggered event. Thus by examining events which
satisfied more than one trigger, the separate thresholds
and efficiencies can be determined. After measuring the
hardware thresholds in this way, we set sharp software
thresholds safely above them (below for vetoes). Events
used in the analysis presented here are required to satisfy
these software thresholds, which are given in the follow-
ing trigger descriptions.

Designing a trigger for a no-tag yy experiment is
difficult since the energy deposited in the detector is
small compared to the beam energy. We use a combina-
tion of four different triggers to optimize the 7’ efficiency
while keeping the backgrounds low and accommodating
to changing conditions. Three of the triggers use a tech-
nique of dividing the ball into hemispheres with planes
containing the beam axis, and requiring that each hemi-
sphere contain a minimum energy. Since the outgoing
leptons of our process are usually scattered at very small
angles, the detected event has nearly balanced transverse
momentum (p,), and will thus satisfy the above require-
ment; whereas backgrounds, e.g., from off-axis electrons,
tend to deposit energy in only one hemisphere. A veto
on energy deposited in the tunnel crystals is effective in
reducing backgrounds which do not come from the in-
teraction point, but also reduces the effective solid angle
of the detector. Events with charged particles can be
eliminated by vetoing events which have a hit in the
third chamber. The four triggers used in this analysis
are various combinations of the above requirements.
They are summarized in Table I and are described in de-
tail below.

(i) The 2-hemisphere trigger requires a total energy
deposition of >800 MeV in the main ball and > 180
MeV in its top and in its bottom hemisphere. This
trigger is vetoed by a total of >30 MeV in the tunnel
crystals.

(ii) The 6-hemisphere trigger requires > 860 MeV in

strengthened over that of the first trigger by dividing the
ball into six hemispheres with three different planes con-
taining the beam axis, and requiring that each hemi-
sphere contain >one major triangle with > 150 MeV.
The trigger is vetoed by a hit in the third chamber.

(iii) The multiplicity trigger requires > 450 MeV in the
main ball and a multiplicity of >three major triangles
with > 110 MeV each. It is vetoed by a hit in the third
chamber, or by > 30 MeV in the tunnel crystals.

(iv) The combined trigger requires > 800 MeV in the
main ball, >60 MeV in each of the hemispheres of the
6-hemisphere trigger, and >three major triangles with
> 110 MeV each. It is vetoed by > 65 MeV in the tun-
nel crystals.

The 2-hemisphere trigger was installed during the col-
lection of the entire data sample. The Monte Carlo
studies described in Sec. IV show that it is 69% efficient
for ' events passing all cuts except the trigger require-
ment. Adding the 6-hemisphere and multiplicity
triggers brought the efficiency up to about 85%; they
were installed for 66 and 32 pb~!, respectively. During
the 33 pb~! that the combined trigger was installed the
efficiency was over 90%. The triggers installed for each
run period and the resulting efficiencies are summarized
in Table II.

III. SELECTION CRITERIA

All events used in this analysis are first passed through
a filter program designed to select events produced by
two-photon collisions by requiring total deposited energy
E. <5 GeV and net transverse momentum
| 3 p,| <200 MeV/c. The |3 p, | is calculated by as-
signing a vector p to each crystal in the main ball and
tunnels with magnitude equal to the energy seen in that
crystal.

The events must satisfy a software trigger filter with
thresholds set higher than those in the hardware, as de-
scribed in the previous section. This eliminates effects
from small variations in the trigger thresholds, and also
facilitates efficiency calculations. All-neutral events are



2636

selected by requiring that the chamber-3 discriminator
was not set. This requirement is the same as that used
in the 6-hemisphere and multiplicity triggers described
above. Thus, a uniform neutrality cut is used, regardless
of whether it is applied at the trigger level, or via this
cut.

After this preselection the following criteria are used
to select six-photon final states.

(i) There must be exactly six clusters of energy in the
ball of >20 MeV each. They are the photon candidates.

(i) The six photons must each have |cosf| <0.9,
where 6 is the angle between the photon direction and
the beam axis.

(iii) The lateral energy deposition of each photon can-
didate must be consistent with that expected from an
electromagnetic shower.

Candidate p7°7° events are searched for by grouping
the six photons in pairs. There are 15 different ways of
combining six photons into three pairs. The two-photon
invariant mass (M, ) for all photon pairs is shown in
Fig. 3. Events with at least one pair within £60 MeV of
the n mass are selected. For these events we plot M (7],)
Vs M‘},Z},) for the remaining four photons. This is shown
in Fig. 4, where there are three entries for each 7 candi-
date. There is a clear clustering of events containing
two 7%s. We accept events with
(M) —M o>+ (M2 —M ,)* <1200 (MeV /c?)?,
which is a circle of radius ~35 MeV around the 7°
mass. The above mass windows are approximately 3o
of our expected mass resolution for 7%s and 7’s.

Events satisfying these requirements are then kinemat-
ically fit to 7’7 and #%7°7° hypotheses, using only the
n and 7° mass constraints. The fit with the best
confidence level is used. An event is kept if the best fit is
n7°7° and has a confidence level greater than 0.01. The
energies and angles from the fit are used for the
remainder of this analysis. This improves the 77°7°
mass resolution at the %’ from 25 to 10 MeV, at the ex-
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FIG. 3. The M,, distribution for all pairs of photons in
six-photon events after a cut |3 p,| <100 MeV/c has been
applied. Clear peaks at the 7° and 7 masses are visible. The
arrows indicate the cut at M, +60 MeV.
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FIG. 4. M,, vs M, after selecting events with an 7. There
are three entries per 1 candidate. An event can have more
than one 7 candidate.

pense of a 20% loss in efficiency from cases where a 37°
combination gives a better fit.

Figure 5 shows the |3 p,|? distribution for events
passing the kinematic fit. Here |3 p,| is calculated
from the fitted momentum vectors of the six photons.
There is a clear peaking at small | S p, | 2, which is the
signature for two-photon events. The width of the peak
is consistent with our energy resolution and the expected
distribution of the two-photon process. The final cut
used in this analysis requires | 3 p, | <100 MeV/c. We
are left with a sample of 247 n7°7° events.

The distribution of the mass of the y7°7° system (Fig.
6) shows a large peak at the 7' mass, with few events
outside the %' region. Since we do not make a back-
ground subtraction, these latter events cannot be regard-
ed as evidence for yy —n7°7° continuum. A fit to the
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FIG. 5. |3 p. |? distribution for p7°7° events passing the

kinematic fit. The arrow indicates the cut at |3 p, | =100
MeV/c.
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FIG. 6. The Mn,,o,,o distribution for the final event sample.

distribution using a Gaussian plus a linear background
yields

N, =185%14 events .

The fitted mass of 958.91+0.8 MeV is in good agreement
with the accepted 7' mass,’ and the fitted width of
0=9.9£0.6 MeV is consistent with Monte Carlo calcu-
lations of our resolution for this channel.

IV. DETERMINATION OF T, .,

The cross section for production of a narrow pseudo-
scalar resonance X in no-tag e e~ —ete yy, yy —X
is

FX*’YY
My

X [ 8[My>—(q,+4,)]

0y =8?

XAA;LLFQ(‘I])F2(42)¢(‘I1,‘12)d4‘11d4% .
X

The factor in front of the integral is the integrated reso-
nance Breit-Wigner curve for a resonance of spin 0 and
mass My. The & function restricts the yy mass to that
of the resonance. The ¢, and g, are the four-vectors of
the two intermediate-state photons; the production rate
of such photons is described by ®(q,,q,). Tx_,,, is
conventionally defined to be the partial width to real
photons, whereas in the two-photon process the photons
are slightly virtual (¢?<0). Lorentz and gauge invari-
ance in QED constrain the form of the yy-pseudoscalar
vertex,? leading to the factor 2 |q| My, where q is the
momentum of either photon in the X center of mass.
We have used the vector-meson-dominance form factor,
F(q)=1/(1—q2/mp2), with m, the mass of the p
meson. Our cut of |3 p,| <100 MeV effectively re-
stricts our observed data sample to small |g?],
(|g%|)=(28 MeV)?, so that the effect of these form
factors on the visible cross section is small.

We use a Monte Carlo event generator based on a pro-
gram by Vermaseren* to calculate o, the above cross

section with T',, ., set equal to 1 keV. The results were
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checked with an independent program based on the ma-
trix element given in Ref. 5. Radiative corrections to
this process have been shown® to be less than 1%.

Then I',, ., can be calculated from N, using the fol-
lowing formula:
r L —

n-yy T
r L&, €B

L is the integrated e te ~ luminosity and B, ¢, is the
branching ratio’ for n'—6y: B, .¢ =B(n'—nr’r°)
XB(n—yy)XB(1°—yy)*=0.08610.008.

The luminosity was measured from the number N of
events which have two and only two energy clusters of
energy >0.7E ..y inside | cosf | <0.75. The integrated
luminosity is then .£L =Ns /c, where s is the square of the
center-of-mass energy. The conversion factor ¢ has been
determined from a sample of eTe (y) and yy(y)
Monte Carlo events generated with the program of
Berends and Kleiss® and passed through a detector simu-
lation which uses the EGS electromagnetic shower devel-
opment code.” The systematic error on the luminosity
was found to be 2.5%, adding the following in quadra-
ture: 1.0% Monte Carlo statistics, 1.0% for fourth-
order QED corrections,'® 1.9% dependence on the cuts,
and 0.2% from hadronic and beam-gas backgrounds.

The efficiency € for an ' — 6y event to appear in our
final sample is determined from events generated with
the Vermaseren Monte Carlo program and passed
through the detector simulation. The 1’ decays accord-
ing to isotropic phase space; the observed decay distribu-
tions agree well with those from the Monte Carlo pro-
gram.

Some of the selection criteria (in particular the tunnel
energy veto) are affected by extra energy deposited in the
Nal(T]) by beam-related backgrounds. This extra energy
was measured in a sample of random background events
obtained by triggering on ever 107th beam crossing, with
no other condition. A background event from this sam-
ple was added to each ' Monte Carlo event so that
efficiences determined from the Monte Carlo program
include the effect of this extra energy.

The efficiency of cuts (i)—(iii), the 7 and #° mass cuts,
the kinematic fit, and the | 3 p, | cut give the constant
contribution €.,,,,=0.033 to the overall efficiency.

The trigger efficiency €., was calculated using the
Monte Carlo events which passed the above cuts by sub-
jecting them to the software trigger thresholds described
in Sec. III. The results for the various trigger
configurations are given in Table II. They do not in-
clude the effect of the chamber veto, which is discussed
next.

The efficiency for events to pass the chamber veto cut,
€neurs 1 determined by the probability for one of the pho-
tons to convert to €€~ in the beam pipe or in the first
two chambers, and by the probability of a noise hit in
the third chamber. We determine €., for each running
period by studying yy —7°7° events in the f,(1270) re-
gion triggered by the 2-hemisphere trigger, which does
not have the chamber veto requirement. Cuts similar to
those described above (except the chamber cut) result in
a sample of 4000 f, events, with very small background.

7' —6y
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TABLE III. A comparison of our result with published measurements. A dagger indicates that the
complete M1 matrix element was not used in the yp decay; these results are not included in the aver-

age.

Experiment Fn'aw (keV) Mode Reference
Crystal Ball 4.610.4+0.6 070 This experiment
JADE 4.0+0.9 vy 11
TPC/Two-Gamma 4.5+0.3+£0.7 vp 12
TASSO 5.1+0.4+0.7 Yp 13
PLUTO 3.8+0.3+0.4 vp 14
CELLO' (6.2+1.1+0.8) rp 15
JADE' (5.0+0.5+0.9) vp 16
Mark II 58+1.1+1.2 vp 17
Average 4.3+0.3

The fraction of these events which do not have the
chamber veto bit set is the neutral efficiency for four-
photon events, which varied from 81% to 86%, depend-
ing on run period. This must then by extrapolated to
six-photon events, after taking account of the probability
of noise hits, which was measured using the sample of
random background events. The resulting values of €,
are listed in Table II with their statistical errors.

The f, sample has also been used to check for effects
of variations in the performance of the Nal(Tl) electron-
ics and the data acquisition system during the various
running periods. We observe within errors a constant
visible f, cross section and constant mass and mass
resolution of the 7%s.

The overall efficiency is €=€ ong X Eprig X €nenr-  Its
average for the whole data sample is 0.022, varying from
0.018 to 0.025. The measured I',,_,,, X B, _.¢, calculat-
ed separately for each run period are listed in Table II.
The values agree well with each other, and a fit to a con-
stant gives Y>=1.0 for 5 degrees of freedom. The aver-
age is

Ly yyXBy_ 6, =0.39£0.03£0.04 keV ,
which gives
Cy .y, =4.6%£0.4£0.6 keV .

Here the first error is statistical and the second is
sytematic. The 14% systematic error comes from the
following sources (all added in quadrature): uncertainties
in the Monte Carlo event generation and detector simu-
lation +5%; Monte Carlo statistical error on
€const X €rrigT3%; sensitivity to variations of analysis cuts
+5%; uncertainties in €., +6%; uncertainty in the
luminosity measurement +2.5%; uncertainties in the
branching ratios’ 7' —n7’7° (£9%) and n—yvy
(£2%).

V. DISCUSSION OF THEI',_,,, RESULT

Our result is compared to published measure-
ments!!~!7 of ', _,, in Table IIIl. Most previous mea-
surements of the two-photon width of the ' used the de-
cay channel n'—yp. Since this is a magnetic-dipole
transition it affects the angular distribution of the final-
state particles. Because of the additional phase-space

factor and the large width of the p, it also affects the en-
ergies of the final-sate particles, with an uncertainty be-
cause of the parametrization of the p. The JADE and
CELLO analyses did not take these effects into account
in determining efficiencies. The PLUTO Collaboration
state that if they used a phase-space decay matrix ele-
ment their measurement of ', would have been around
5 keV instead of 3.8 keV. The use of the nm’7° decay
channel avoids these problems, since the 1 and #° are
narrow spinless particles. The new world average calcu-
lated from our n7°7° measurement and those yp mea-
surements which used the M1 matrix element is 4.3+0.3
keV.

The study of the partial widths of mesons into two
photons gives information on their quark content.'® In
order to test whether the #°, 7, and ' mesons can be de-
scribed in terms of the u, d, and s quarks alone, we inter-
pret our result in the context of the quark model, which
yields the following relations for the pseudoscalar nonet:

Ly Lo 1 V'8 :
n—yy ™ oyy .
= — cosfp — —=rp sinf ,
M} T M lw 2
r.. o, 1 V'8 2
n—yy "’ —yy .
= —=sinfp + —=rp cosO ,
M M [\/3 Py e e

where 0p is the SU(3) mixing angle and the rp is the ra-
tio of the decay constants for the singlet and octet
members of the nonet: rp=F3/F;. Using T o

—¥Y
=7.5£0.5 eV from Ref. 3 and the average
I, .,,=0.54%+0.05 keV of the published results from

two-photon experiments,!!"1*20 together with our value

r =4.6%+0.7 keV, we obtain

7 —yy
Op=—18.1°"12.4°,
rp=0.96%0.06 .

The result rp=1 implies nonet symmetry; i.e., the
wave functions at the origin for the octet and singlet
states are the same. The value for 0p is twice as large as
that obtained from the quadratic Gell-Mann-Okubo
mass formula: 6p(GMO)= —10°. However, a recent
calculation®' of first-order corrections to both the T,
and mass formulas shows that although the corrections



to I',, are small, the corrections to the Gell-
Mann-Okubo mass formula can be large, and a con-
sistent picture possible with 8p = —20°. The uncorrected
linear Gell-Mann-Okubo mass formula gives 8p = —23°.

VI. SEARCH FOR OTHER STATES

We have also searched for other states decaying into
1n7°7°. Radially excited pseudoscalar mesons are expect-
ed?~2* to be in the 1-2 GeV mass range. Furthermore,
a radially excited 7 or %' is expected to have a substan-
tial branching ratio into n7ww (Ref. 23).

As can be seen from Fig. 6, there are very few events
in this mass range. We have calculated the 90%-
confidence-level (C.L.) upper limit for I'y ,,, XByx_ .
as a function of the mass of the resonance X. We have
included a factor 3 for =0 to convert the limit on
1n7°7° to mwrm (note that an isovector cannot decay into
1771'077'0). Our 10% systematic error was conservatively
accounted for by multiplying the upper limit by
141.28x0.10 (1.280 corresponds to a 90% C.L. upper
limit). The results for total widths of 50 and 200 MeV
are shown in Fig. 7. The limit increases with increasing
mass because of the decreasing yy flux and detection
efficiency.

A candidate for a radially excited pseudoscalar which
decays to mmwm is the 9(1275). It has been observed in
hadronic collisions by two experiments?>2® which report
total widths of 70+15 and 32+10 MeV, respectively. If
the total width is less than 50 MeV, as indicated by the
more recent, higher statistics experiments, our 90% C.L.
upper limit is

I 1275 —yy X B p(1275)—oqmr < 0.3 keV .

Calculations?”?* for a radially excited pseuodscalar at
this mass in models which include the effect of its mixing
with the 7 and 7’ yield an expected two-photon width of
order 2 keV. Thus the 5(1275) is not described by those
mixing models unless it has a small branching ratio to
NI,

The experiment of Ref. 26 has also observed a pseu-
doscalar nrm resonance at 1420+5 MeV with a total of
3117 MeV. Again assuming the total width is less than
50 MeV, we obtain

I'(1420)— 3y X B p(1420 e < 0.3 keV.

A narrow peak at ~1390 MeV has been seen in the prm
spectrum from radiative J /¢ decays.?® If this is a pseu-
doscalar of width less than 50 MeV, our limit is

| 1390) —yy XBX( 1390)—qmm <0.27 keV .

In all three cases the upper limit remains below 0.4 keV
if the total width is raised to 100 MeV. Other pseudo-
scalar candidates as yet unseen may be wider, but even a
total width of 200 MeV does not allow I',, X B, . =2
keV for masses below 1800 MeV. These results present
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dashed line for 'y =200 MeV.

a challenge to our understanding of the radially excited
pseudoscalar nonet.
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